Abstract: Anammox bacteria serve an important ecological role in the global nitrogen cycle, enabling the coupling of ammonium and nitrite to yield dinitrogen gas (N 2 ) under anoxic conditions. Based on PCR amplifications of genomic DNA and analysis of the 16S rRNA gene sequence, anammox bacteria was found in intestinal tracts of two types of fish, Siganus fuscescens and Mugil cephalus. Anammox bacteria identified in these fish belonged to the genera Brocadia and Kuenenia, suggesting that the living conditions of S. fuscescens and M. cephalus were under significant influence of wastewater pollution. Our results showed an association between the existence of anammox bacteria in fish intestinal tracts and sediment-or mud-eating habits of the fish involved. The presence of anammox bacteria in an animal system would provide a more comprehensive understanding on ecophysiological characteristics and distribution of anammox bacteria. This discovery might also provide useful information about the living conditions of fish, serving as an environmental indicator of anthropogenic pollution.
Introduction
naerobic ammonia oxidation, or anammox, is a novel pathway in the nitrogen cycle which was discovered in 1995 [1] . This pathway is governed by a group of microorganisms known as the anammox bacteria. Nitrite (NO 2 − ) and ammonium (NH 4 + ) would be used as substrates and N 2 gas would be released as the final product. Anammox bacteria serve a significant role in the ecological niche of the global nitrogen cycle. To date, 5 genera of anammox bacteria have been described, and all of them areaffiliated with a deep branch of the phylum Planctomycetes. The 5 genera include Candidatus Scalindua [2] , Ca. Brocadia [3] , Ca. Anamoxoglobus [4] , Ca. Jettenia [5] , and Ca. Kuenenia [6] . Anammox bacteria are still described as 'Candidatus', which means that no pure culture of anammox bacteria could be obtained. Due to the unavailability of pure culture and slow growth rates of anammox bacteria [3] , many studies on anammox bacteria are widely based on culture-independent methods.
Anammox bacteria have been identified in highly diverse ecosystems including marine sediments [7] , rice paddy fields [8] , coastal wetlands [9] , fresh water terrestrial ecosystems [10] [11] [12] , oil fields [13] , and wastewater sludges [5] . Out of the 5 genera of anammox bacteria, Ca. Scalindua is generally related to environments with low nitrogen content such as sediments from unpolluted marine environments. The other 4 genera are A more related to environments with abundant nitrogen sources such as wastewater treatment facilities and sediments from polluted estuaries. Hence, anammox bacteria could be a bio-indicator for anthropogenic nitrogen input [14, 15] . Although anammox bacteria have been identified in a huge variety of environments, they have not been reported in fish intestines so far. To trace anammox bacteria, it is important to find both reactive nitrogen species as well as anoxic environments. In animal intestines, reactive nitrogen such as ammonia could be produced via microbial activities [16] . Intestinal tracts also provide anaerobic conditions which is essential for the establishment of anammox bacteria. Recently, molecular evidence on the existence of anammox bacteria in the gut of polychaetes has been found (Meng Li and Ji-Dong Gu 2014, unpublished results). Therefore, the association between anammox bacteria and animal gut was proposed. In this study, we investigated the existence and type of anammox bacteria in fish intestines using PCR-based techniques.
In this project, we selected fish as the target of investigation. Thus, a nitrogen source would be more readily available and would enhance the chances of anammox bacteria to exist in fish intestines. Moreover, fish are generally small in size and are hence easy to handle. Fish samples were collected from different environments; therefore, we were able to analyze the relationship between living conditions, feeding habits, and the type of anammox bacteria in fish intestines.
Materials and Methods
We investigated six different species of fish in this study. The brief summary of species used is listed in Table 1 .
In this experiment, all fish were bought from the local fish market. During dissection, the gut of each fish was isolated and its intestinal contents were squeezed out and collected. The gut content was then grounded to a sticky fluid using a sterile plastic rod. After grinding, the sample mass was weighed and we extracted the DNA using E.Z.N.A. ®Forensic DNA Kit (Omega Bio-tek, USA), following bacterial DNA protocol extraction from biological fluids. The concentrations and purity of the DNA samples were examined using a Nanodrop spectrophotometer.
We used the extracted DNA for PCR amplification. In a total volume of 25 μL, the PCR reaction mixture contained: 2 μL DNA templates (0.1-1.0 μg/μL), 12.5 μL Premix Taq Version 2.0 (TaKaRa, Japan), 2 μL of each forward and reverse primers (10 μM), 2 μL MgCl 2 (25 mM, Promega, Hong Kong), and 4.5 μL sterile distilled deionized water. In this study, we selected primer set amx438f/amx684r to detect the 16S rRNA gene of anammox bacteria. This set of primer was selected as it was found to be effective when dealing with a collection of samples with various physiochemical properties [17] . For negative result samples (no anammox bacteria detected), we used the universal primer set 27f/536r to examine the validity of the extracted DNA. Detailed information of primers is listed in Table 2 . [18] 536r GTATTACCGCGGCTGCTGG [19] We analyzed the PCR products via electrophoresis in 1% agarose gels in TAE buffer at 130 V for 25 m. GelRed nucleic acid stain (Biotium) was added into the gel in a volume ratio of 1 to 20,000; gels were photographed using Bio-Rad® GelDocTM station.
We purified the amplified DNA fragments using a Qiaex II Gel Extraction Kit (QIAGen, Hilden, Germany) and ligated the amplified fragments to pMD® 18-T vectors (TaKaRa, Japan). In the ligation step, 0.3 μL of pMD® 18-T vector, 5 μL of solution 1 containing T4 DNA ligase, and ligation buffer was mixed with 4.7 μL of the purified DNA for a total reaction mixture of 10 μL. Ligation was performed at 16°C for 3 hours. After ligation, the T-vectors were transferred into E. coli DH5α competent cells (TaKaRa, Japan) and were spread on LB plate containing ampicillin sodium salt at a concentration of 100 μg/mL (SigmaAldrich, USA). LB plates were then incubated in 37°C for 12 hours. Clones were randomly selected for sequencing.
After sequencing, the data were imported into BioEdit software, the T-vector component in the sequence was trimmed and the processed sequences were analyzed using the BLAST program (Basic Local Alignment Search Tool) from the National Center for Biotechnology Information (NCBI). Finally, the 16S rRNA gene sequence of the 5 anammox bacteria genera were downloaded from NCBI's database and imported with testing sequences into MEGA version 6.0. We constructed phylogenetic trees to distinguish the genera of the anammox bacteria found in the fish gut in this study.
Results
The primer set amx438f/amx684r yielded positive results for samples collected from flathead mullet (2 out of 4 samples) and black rabbit fish (3 out of 4 samples), while all other samples generated negative results for the detection of anammox. For samples giving negative results, we repeated the PCR amplification using a universal primer set 27f/536r to test its validity. Samples from edible goldfish and mandarin fish yielded positive results while samples from golden threadfin bream and flat needlefish yielded negative results. A brief summary of the PCR result is listed in Table 3 .
We sequenced the amplified DNA samples of anammox positive results and compared it with NCBI's database (samples B2 and B4 collected from flathead mullets; samples M4, M7, and M8 collected from black rabbit fish). Sequences collected from sample B2 did not show any significant results with the available sequences in the database. On the other hand, sequences from B4, M4, M7, and M8 all showed high similarities with the 16S rRNA gene sequence of anammox bacteria. In total, we selected 10 sequences with high similarities (98-100% identical to anammox bacteria gene in the database) to construct a phylogenetic tree. From the phylogenetic tree constructed ( Figure 1) ; in both samples from flathead mullets and black rabbit fish, we observed genes from Ca. Brocadia and Ca. Kuenenia.
Discussion
In this section, the experimental result would be interpreted and the significance would be discussed briefly. First, the results obtained from PCR amplifications and sequencing prove that anammox bacteria genes are present in gut materials of some species of fish, providing molecular evidence on the existence of anammox bacteria in fish intestines. Furthermore, anammox bacteria could be observed in the gut of fish from both wild (black rabbit fish, seawater) and cultured (flathead mullets, freshwater) environments.
Out of the 6 species tested, anammox bacteria could only be detected in the gut of black rabbit fish and flathead mullets. This may be attributed to the feeding style of these species. A common characteristic observed in these two species is that both have a habit of eating organic silt, mud, sediment, or fecal matter [20, 21] , which are all possible sources of anammox bacteria.
In Hong Kong, black rabbit fish is commonly caught in coastal areas especially around the sewage pipes. Hence, apart from algae and small invertebrates, black rabbit fish also commonly feed on suspended solids and faecal matter from the sewage discharge. As suspended solids usually contain considerable amounts of ammonia and oxygen levels in sewage discharge is usually low due to the decomposition of organic load, anammox bacteria is probably found in the suspended solids. By ingesting these suspended solids, anammox bacteria may enter the intestinal tracts of black rabbit fish.
Flathead mullets are usually co-cultured with other species (e.g. carp, edible goldfish) in local freshwater fish farms [21] . Thus, fish in culture would basically share the same artificial feed. However, other than artificial feed, flathead mullets also eat sediments at the bottom of the lake. As anammox bacteria can only be found in the gut of flathead mullets but not in other fish from cultural environments (i.e. edible goldfish and mandarin fish), and the results from the universal primer test suggested that the negative results produced from edible goldfish and mandarin fish samples were valid; thus the presence of anammox bacteria in the gut of flathead mullets may be attributed to its sediment-eating habits.
According to the phylogenetic tree constructed, two genera of anammox bacteria, namely Ca. Brocadia and Ca. Kuenenia were discovered in the gut material of fish. Both Ca. Brocadia and Ca. Kuenenia are genera that are more closely related to polluted water systems and these results are in agreement to the living environments of these fish. As mentioned above, black rabbit fish are usually caught from the waters near wastewater discharge. In fish farming practices, flathead mullets are usually cultured in an enclosed water system with a high population density. As such, the water systems would contain considerable amounts of metabolic wastes and feed debris, in turn providing plentiful reactive nitrogen sources. Hence, the high nitrogen contents in living environments of black rabbit fish and flathead mullets would encourage the development of Ca. Brocadia and Ca. Kuenenia in those environments. Through food intake, these anammox bacteria may be ingested, reaching the intestinal tracts of fish and are thus detected.
All samples collected from the other species studied in this project (golden threadfin bream, flat needlefish, edible goldfish, and mandarin fish) yielded negative results using the primer set amx438f/amx684r. To check the validity of the DNA samples, a universal primer was applied. In this test, samples of edible goldfish and mandarin fish gave positive results, suggesting that the DNA sample was valid. Hence, the negative results in anammox bacteria detection should be a true negative.
However, samples of golden threadfin bream and flat needlefish gave negative results in the universal primer test, suggesting that the DNA sample was invalid. Thus, it is only probable to state that anammox bacteria genes were not amplified in these samples but it is inappropriate to determine whether anammox bacteria is present or absent in the samples. Negative results together with low DNA concentration in the extraction may imply that the DNA extraction method applied was not very effective in dealing with the samples from golden threadfin bream and flat needlefish. In future studies, it may be necessary to explore modifications in the DNA extraction methods. This is the first time that the presence of anammox bacteria was reported in fish gut. This may provide us a more comprehensive understanding on the diversity and distribution of anammox bacteria in the natural environment. Moreover, as the type and community of anammox bacteria would be affected by nitrogen content in the environment, in other words, its cleanliness [15] , the presence of anammox bacteria in fish gut may provide some information about the environmen-tal status in which the fish is currently experiencing. Hence, anammox bacteria in fish gut may serve as an environmental indicator to estimate the environmental conditions of its living environment.
However, since only a preliminary investigation has been carried out, there are many questions that require further scrutinizing. For example, although molecular evidences showed the presence of anammox bacteria in fish gut, further studies are needed to distinguish whether anammox bacteria are transient or resident flora in fish intestines. Furthermore, as the nutrient levels in the surrounding environment would change along the fish intestines, difference clusters of anammox bacteria may be found in different sections of the gut. The current DNA extraction method may not be very effective for some samples; modifications in the extraction methods may be required in further studies.
Conclusion
Anammox bacteria were first identified in the gut of Siganus fuscescens and Mugil cephalus respectively. The identified anammox bacteria in fish gut belong to the genera Brocadia and Kuenenia, which are both related to relatively polluted water systems. These experimental results may suggest a relationship between sediment-eating habits and the presence of anammox bacteria. These findings may provide a more comprehensive understanding to the diversity and distribution of anammox bacteria in the natural environment. However, as this project is a pilot study, various kinds of detailed follow-up research would be necessary in the future.
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